Behavioural states in mammals, such as the anxious state, are characterized by several features that are coordinately regulated by diverse nervous system outputs, ranging from behavioural choice patterns to changes in physiology (in anxiety, exemplified respectively by risk-avoidance and respiratory rate alterations) 1,2 . Here we investigate if and how defined neural projections arising from a single coordinating brain region in mice could mediate diverse features of anxiety. Integrating behavioural assays, in vivo and in vitro electrophysiology, respiratory physiology and optogenetics, we identify a surprising new role for the bed nucleus of the stria terminalis (BNST) in the coordinated modulation of diverse anxiety features. First, two BNST subregions were unexpectedly found to exert opposite effects on the anxious state: oval BNST activity promoted several independent anxious state features, whereas anterodorsal BNST-associated activity exerted anxiolytic influence for the same features. Notably, we found that three distinct anterodorsal BNST efferent projections-to the lateral hypothalamus, parabrachial nucleus and ventral tegmental area-each implemented an independent feature of anxiolysis: reduced risk-avoidance, reduced respiratory rate, and increased positive valence, respectively. Furthermore, selective inhibition of corresponding circuit elements in freely moving mice showed opposing behavioural effects compared with excitation, and in vivo recordings during free behaviour showed native spiking patterns in anterodorsal BNST neurons that differentiated safe and anxiogenic environments. These results demonstrate that distinct BNST subregions exert opposite effects in modulating anxiety, establish separable anxiolytic roles for different anterodorsal BNST projections, and illustrate circuit mechanisms underlying selection of features for the assembly of the anxious state.
Behavioural states in mammals, such as the anxious state, are characterized by several features that are coordinately regulated by diverse nervous system outputs, ranging from behavioural choice patterns to changes in physiology (in anxiety, exemplified respectively by risk-avoidance and respiratory rate alterations) 1, 2 . Here we investigate if and how defined neural projections arising from a single coordinating brain region in mice could mediate diverse features of anxiety. Integrating behavioural assays, in vivo and in vitro electrophysiology, respiratory physiology and optogenetics, we identify a surprising new role for the bed nucleus of the stria terminalis (BNST) in the coordinated modulation of diverse anxiety features. First, two BNST subregions were unexpectedly found to exert opposite effects on the anxious state: oval BNST activity promoted several independent anxious state features, whereas anterodorsal BNST-associated activity exerted anxiolytic influence for the same features. Notably, we found that three distinct anterodorsal BNST efferent projections-to the lateral hypothalamus, parabrachial nucleus and ventral tegmental area-each implemented an independent feature of anxiolysis: reduced risk-avoidance, reduced respiratory rate, and increased positive valence, respectively. Furthermore, selective inhibition of corresponding circuit elements in freely moving mice showed opposing behavioural effects compared with excitation, and in vivo recordings during free behaviour showed native spiking patterns in anterodorsal BNST neurons that differentiated safe and anxiogenic environments. These results demonstrate that distinct BNST subregions exert opposite effects in modulating anxiety, establish separable anxiolytic roles for different anterodorsal BNST projections, and illustrate circuit mechanisms underlying selection of features for the assembly of the anxious state.
Animals encounter environmental conditions that require rapid switching among different behavioural states to increase the likelihood of survival and reproduction. Such states consist of a constellation of changes coordinated by distinct modalities of nervous system output 1, 2 , and understanding this behavioural-state assembly from diverse features is of fundamental interest. A well-studied example is fear, in which the amygdala is thought to modulate various aspects of fear expression by multiple downstream targets [1] [2] [3] [4] . Here we tested whether specific diverging projections causally recruit separable features to coordinate a behavioural state, focusing on anxiety as a state not only important in normal and pathological behaviour 5 , but also exhibiting many disparate features that are quantifiable in mice.
Evidence from anatomical [6] [7] [8] , behavioural 9, 10 and neuroimaging studies 11, 12 has implicated the BNST in pathological and adaptive anxiety; for example, lesions of the dorsal BNST, henceforth referred to as BNST, have been reported to decrease anxiety-like behaviour 9, 10 . To test this finding further, we infused glutamate receptor antagonists into the BNST before the elevated-plus maze (EPM) 10 test in mice ( Fig. 1a ; histology in Supplementary Figs 1-3 ). This intervention increased open-arm exploration (P , 0.01, see Supplementary Information for statistical analysis; Fig. 1a ) without altering locomotion (Supplementary Fig. 4 ; such increased exploration of open spaces, to which mice exhibit innate aversion, is thought to represent reduced anxiety-like behaviour 13 ). We next optogenetically inhibited the BNST using an enhanced form of the inhibitory Natronomonas pharaonis halorhodopsin (eNpHR3.0) 14 and delivery of yellow light to the BNST (eNpHR3.0:BNST somata; Fig. 1b Supplementary Fig. 5a, b) , indicating anxiolysis. Conversely, stimulation of BNST somata with the excitatory channelrhodopsin-2 (ChR2) increased behavioural measures of anxiety in both assays (ChR2:BNST somata; Supplementary Fig. 6 ). To test whether this manipulation modulated physiological manifestations of anxiety, we stimulated BNST somata while monitoring respiratory rate; hyperventilation is linked to increased anxiety in humans 15, 16 and rodents ( Supplementary Fig. 7 ), and the BNST is known to project to respiratory centres 17, 18 . Indeed, increased respiratory rate was observed ( Supplementary Fig. 6d ). Together these results suggest that activity in the BNST drives an anxiety-like state, consistent with most previous studies 9 . However, these results may not provide a complete picture of the BNST, which contains several subregions 7, 19, 20 . We next targeted the oval nucleus of the BNST (hereafter termed ovBNST), by introducing a Cre-dependent eNpHR3.0 virus into the BNST of dopamine receptor 1a (Drd1a::Cre) mice that show restricted Cre expression in the ovBNST (eNpHR3.0:ovBNST; Fig. 1c ). Yellow light delivery in eNpHR3.0:ovBNST mice decreased avoidance of EPM open arms (P , 0.0001; Fig. 1d ) and the OFT centre (P , 0.001; Supplementary  Fig. 5c ). The same manipulation also decreased respiratory rate (P , 0.05; Fig. 1e ). Conversely, stimulating the ovBNST with ChR2 increased both behavioural and physiological measures of anxiety (ChR2:ovBNST; Supplementary Fig. 8 ). These results suggested an anxiogenic role for the ovBNST, and were consistent with the results obtained by modulating the entire BNST (Fig. 1a, b) .
We next investigated the function of basolateral amygdala (BLA) inputs to the BNST, as the BLA is a region implicated in anxiety 2,9 that projects to the BNST 7 . Mice expressing eNpHR3.0-eYFP in BLA pyramidal neurons displayed enhanced yellow fluorescent protein (eYFP) 1 fibres projecting to the region of the BNST surrounding the ovBNST, hereafter referred to as anterodorsal BNST, or adBNST 7 (eNpHR3.0: BLA-adBNST; Fig. 1f) . Surprisingly, inhibiting the BLA-adBNST projection increased avoidance of EPM open arms (P , 0.01; Fig. 1g ) and the OFT centre (P , 0.01; Supplementary Fig. 5e ), and also increased respiratory rate (P , 0.01; Fig. 1h ). Conversely, stimulating BLA inputs with ChR2 (ChR2:BLA-adBNST; Fig. 2a ) decreased behavioural anxiety measures (Fig. 2b and Supplementary Figs 9a, b and 10) and respiratory rate (P , 0.05; Fig. 2c ). Because the BLA projection is thought to be excitatory, as confirmed later, these data suggest that adBNST recruitment is anxiolytic, in contrast to the anxiogenic nature of ovBNST activity. Importantly, these effects were not attributable to excitation of BLA fibres in the anterior commissure ( Supplementary  Fig. 11 ). As an additional test, considering that a clinically relevant 21, 22 feature of anxiolysis can be positive subjective valence, we asked whether stimulating BLA-adBNST projections could elicit positive conditioning valence (using the real-time place preference (RTPP) task; see Methods), but we did not observe elicited place preference (Fig. 2d) .
Having found that driving adBNST afferents decreases avoidance of open spaces and respiratory rate, we next investigated which adBNST outputs might mediate these distinct effects. The adBNST projection to the lateral hypothalamus (LH) was a candidate for mediating decreases in behavioural expression of anxiety, as the lateral hypothalamus receives projections from the adBNST but not the ovBNST 18, 23, 24 ( Supplementary Fig. 12a ), and is required for normal behaviour in the EPM test 25 . In agreement with this hypothesis, we found that adBNST neurons projecting to the lateral hypothalamus receive BLA input ( Supplementary Fig. 12b-d) , and that stimulating the adBNST-LH projection decreased avoidance of open spaces in both the EPM test Ch ChR C ChR R2 R2 hR C -e -eY e -eYF -eYF -eYF -eYF -eYF -eYF -eYF -eYF eYF -eYF eY eY -eY YF -eYF YFP P P P P P P P P ChR2-eYFP Time in stimulation side (%)
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-eY Y P P P P P P P P P P P P P P P P ChR2 and decreased respiratory rate (n 5 7 ChR2, n 5 8 eYFP) (c), but did not elicit place preference (n 5 8 ChR2, n 5 6 eYFP) (d). e, ChR2:adBNST-LH mice were transduced in BNST, and unilateral fibreoptics implanted above the lateral hypothalamus. f-h, In ChR2:adBNST-LH mice, light increased the open-arm time in the EPM test (n 5 11 ChR2, n 5 8 eYFP) (f), but did not affect respiratory rate (n 5 9 ChR2, n 5 10 eYFP) (g) or place preference (n 5 7 ChR2, n 5 7 eYFP) (h). i, ChR2:BNST-PB mice were transduced in BNST, and unilateral fibre-optics implanted in the parabrachial nucleus. LPB, lateral parabrachial nucleus; MPB, medial parabrachial nucleus; scp, superior cerebellar peduncle. j-l, Light in ChR2:BNST-PB mice did not influence performance in the EPM test (n 5 7 ChR2, n 5 7 eYFP) (j), but decreased respiratory rate (n 5 8 ChR2, n 5 7 eYFP) (k); no effect was seen on place preference (n 5 7 ChR2, n 5 5 eYFP) (l). m, ChR2:adBNST-VTA mice were transduced in the BNST, and unilateral fibre-optics implanted directly above the VTA. n-p, Light did not affect the EPM test (n 5 7 ChR2, n 5 7 eYFP) (n) or respiratory rate (n 5 8 ChR2, n 5 7 eYFP) (o), but induced robust place preference (n 5 8 ChR2, n 5 7 eYFP) (p). Scale bars, 200 mm. Data are mean 6 s.e.m. *P , 0.05; **P , 0.01; ***P , 0.001. Statistics in Supplementary Information; see also Supplementary Fig. 9 . Fig. 2f ) and the OFT (P , 0.05; Supplementary Fig. 9c) . However, no effects were seen on respiratory rate (Fig. 2g) or the RTPP test (Fig. 2h) , suggesting that the adBNST-LH pathway selectively modulates behavioural, but not physiological or appetitive, features of anxiolysis.
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We proposed that the adBNST output to the parabrachial nucleus (PB) could mediate the decrease in respiratory rate seen in ChR2:BLAadBNST mice (Fig. 2c) , as the parabrachial nucleus modulates respiration 2, 17, 26 . Indeed, in ChR2:BNST-PB mice (Fig. 2i) , blue light decreased respiratory rate (P , 0.05; Fig. 2k) . Furthermore, stimulating the BNST-PB projection attenuated respiratory rate increases in an anxiogenic environment ( Supplementary Fig. 13 ), but did not change behaviour in the EPM or the RTPP tests (Fig. 2j, l) . Although both the adBNST and the ovBNST project to the parabrachial nucleus 18, 23, 24 , the decreased respiratory rate in ChR2:BNST-PB mice was probably driven by adBNST-PB fibres, as ovBNST activity increased the respiratory rate ( Fig. 1e and Supplementary Fig. 8 ). Finally, we tested the adBNST output to the ventral tegmental area (VTA) 18, 23, 24, 27, 28 . Remarkably, ChR2:adBNST-VTA mice (Fig. 2m) exhibited place preference in the stimulated chamber (P , 0.001; Fig. 2p ), without affecting anxiety-related risk-avoidance (Fig. 2n ) or respiratory rate (Fig. 2o) . These data showing complementary roles of different adBNST projections support a model in which populations of adBNST neurons project to distinct downstream structures (lateral hypothalamus, parabrachial nucleus and VTA; Supplementary Fig. 14) , modulating different features related to anxiolysis.
We next investigated the intrinsic microcircuitry of the adBNST. To examine connectivity between the BLA and the adBNST, mice expressing ChR2 in the BLA were implanted with a microdrive containing stereotrodes surrounding a fibre-optic in the adBNST (Fig. 3a and Supplementary Fig. 15 ), allowing simultaneous excitation and recording in awake animals. As expected, excitation of the glutamatergic BLA terminals increased spiking of adBNST single units (Fig. 3b, c) , and corresponding whole-cell patch recordings from acute slices revealed that 84% of the adBNST neurons exhibiting both evoked excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents (IPSCs) in voltage clamp (Methods and Supplementary Fig. 16 ) displayed net excitation in response to BLA input stimulation in current clamp (Fig. 3d-f) . Thus, in vivo and in vitro electrophysiology were concordant in showing that stimulating the BLA-adBNST projection increases adBNST activity, which may be enhanced by local adBNST recurrent excitation (Supplementary Figs 16 and 17) . We also characterized local inputs to the adBNST, by recording from adBNST neurons while optically stimulating ovBNST inputs (Fig. 3g) . Interestingly, 79% of neurons displayed net inhibition (Fig. 3h, i) , consistent with the fact that ovBNST neurons are mostly GABAergic 29 ; by contrast, retrograde tracing experiments showed that the adBNST only weakly projects 18, 23 to the ovBNST ( Supplementary Fig. 18 ). Together, these data support the conclusion that the ovBNST and adBNST exhibit opposing roles in modulating anxiety.
Next, we asked whether the native firing rates of adBNST neurons in freely moving mice encoded aspects of environmental safety, by recording activity with stereotrode arrays in the adBNST during exploration (Fig. 4a, b) . Indeed, greater adBNST multiunit activity was observed in safer locations in two models (closed arms of the EPM test and dark compartment of the light-dark test box; Supplementary Fig. 19 ). To quantify the extent to which adBNST single units differentiated between closed and open arms in the EPM test, we defined an EPM score (see Supplementary Methods and Supplementary Fig. 20) , in which a positive score indicates that firing rates are similar between arms of the same type (such as a pair of closed arms), but different across open and closed arms 30 (for example, Fig. 4c ). This metric allowed calculation of specific EPM performance-related activity for each single unit both in light-on and light-off epochs. Without illumination, a subset of adBNST single units fired preferentially in the closed arms of the EPM test, whereas other units did not exhibit preference (Fig. 4c) . In fact, every adBNST single unit with a positive EPM score (66% of units) had higher firing rates in the closed arms than in the open arms, whereas simulations predict that if there were no dependence on environmental condition, only 33% of cells would have a positive EPM score, and those would be evenly divided between closed-and open-arm-preferring units (Supplementary Methods).
We then implanted stereotrodes and a fibre-optic in the adBNST of eNpHR3.0:BLA-adBNST mice (Fig. 4a) , allowing simultaneous recording and yellow light delivery to the adBNST. Illumination in these mice reduced multiunit activity in the adBNST (Fig. 4d and Supplementary Fig. 21 ). Finally, we recorded from adBNST single units in eNpHR3.0:BLA-adBNST mice during the EPM test for 20 min, with alternating 1-min light-off and light-on epochs (Fig. 4e) , to allow calculation of EPM scores for each single unit in the presence or absence of inhibition of BLA afferents. Suggesting that representation of anxiety-related features in the adBNST may depend on BLA input, we observed that optogenetic inhibition of the BLA-adBNST projection decreased single-unit EPM scores (P , 0.01; Fig. 4f, g ), and the decrease in EPM scores was higher in cells that had decreases in the firing rate during the illuminated epochs ( Supplementary Fig. 22) . Fig. 18 illustrates minimal connectivity in the reverse direction). g, ChR2 was expressed in ovBNST using transgenic Drd1a::Cre mice; adBNST neurons were recorded while stimulating ovBNST fibres. h, Representative current-clamp traces from adBNST neurons (V m < 260 mV), exhibiting excitatory (top) and inhibitory (bottom) responses. i, Among adBNST neurons that showed both EPSCs and IPSCs, most were inhibited at resting potential (n 5 11 out of 14 neurons). Data are mean 6 s.e.m. Statistics in Supplementary Information.
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These data indicate that native anxiety-related encoding of the EPM environment in the adBNST depends in part on BLA inputs; note that this same manipulation (inhibiting the BLA-adBNST projection) increased anxiety-like behaviour in the EPM test (Fig. 1g) , in a manner consistent with causing increased overall anxiety that could deter transitions to the open arm. Here, we have mapped the role of BNST circuit elements in the assembly and modulation of the anxious behavioural state. We have demonstrated that the ovBNST and adBNST increase and decrease anxiety-related behaviour, respectively; the ovBNST could promote anxiety by suppressing the adBNST (see Supplementary Fig. 23 for summary diagram) or via direct projections to structures such as the central amygdala. We next found that distinct adBNST projections modulate different features of the behavioural state associated with anxiolysis-decreased risk-avoidance behaviour, decreased respiratory rate and positive conditioning valence-which are mediated by projections from the adBNST to the lateral hypothalamus, parabrachial nucleus and VTA, respectively. This arrangement may facilitate modular adaptation of the state itself over development and experience; in principle, by tuning the strength of diverging projections, distinct features may be independently adjusted while maintaining upstream coordination of the behavioural state. Further work will be needed to determine circuit mechanisms by which functional differentiation of these pathways originates, as well as how coordination ultimately occurs. Coordinated recruitment of the different populations of adBNST projection neurons could involve recurrent excitation ( Supplementary Figs 16 and 17) ; indeed, in vivo multiunit recordings support the existence of recurrent excitation in the adBNST, as persistent activity was seen in 28% of recordings after termination of BLA fibre stimulation ( Supplementary Fig. 17a-c) , and Ca 21 imaging in acute BNST slice revealed persistent activity in the adBNST after a single brief stimulus ( Supplementary Fig. 17d-i) .
Many complexities are involved in anxiety, including brain regions, hormonal changes, and physiological manifestations beyond those investigated here. For example, none of our manipulations altered heart rate ( Supplementary Fig. 24 ), consistent with a previous report suggesting the BNST does not modulate this feature of anxiety 17 and pointing to the need for further exploration of sympathetic pathways. Moreover, the anxious state may be parsed still further to delineate additional features, such as changes in exploratory drive or in novelty seeking, which could involve networks not explored here. It is likely that complex circuit structure and dynamics are required to assemble behavioural states in animals with highly diverse repertoires of internal states and adaptations to the environment.
METHODS SUMMARY
Virus-mediated gene expression. AAV5 viruses were packaged by the University of North Carolina Vector Core. Maps for the adeno-associated virus constructs are available at http://www.optogenetics.org. Viral stock (0.5 ml) was injected stereotactically into the BLA, BNST, lateral hypothalamus, parabrachial nucleus or VTA. Anxiety assays and respiratory rate measurement. Mice injected with viruses and implanted with guide cannulae or fibre-optics were subsequently tested in the EPM test, the OFT and the RTPP test. An EPM test session was 15-min long, consisting of 5-min light off-on-off epochs; the OFT was 20-min long, consisting of 5-min light off-on-off-on epochs. In the RTPP test, the subject could freely explore two chambers, and entry-to or exit-from one of the chambers turned optogenetic stimulation on or off, respectively. Behavioural data were automatically collected and analysed by BiObserve software. Respiratory rate was measured with a pulse oximeter from awake, behaving mice for 3 min. Yellow light was Notably, EPM scores even in light-on epochs were significantly higher than EPM scores generated from random simulated spikes (P , 0.01), indicating that even in light-on, BNST units could differentiate closed and open arms, although less robustly than in light-off. Data are mean 6 s.e.m. *P , 0.05; ***P , 0.001. Statistics in Supplementary Information. 
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